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Frankfurt/Main, GermanyABSTRACT In this study, we have optimized NMR methodology to determine the thermodynamic parameters of basepair
opening in DNA and RNA duplexes by characterizing the temperature dependence of imino proton exchange rates of individual
basepairs. Contributions of the nuclear Overhauser effect to exchange rates measured with inversion recovery experiments are
quantified, and the influence of intrinsic and external catalysis exchange mechanisms on the imino proton exchange rates is
analyzed. Basepairs in DNA and RNA have an approximately equal stability, and the enthalpy and entropy values of their base-
pair dissociation are correlated linearly. Furthermore, the compensation temperature, Tc, which is derived from the slope of the
correlation, coincides with the melting temperature, and duplex unfolding occurs at that temperature where all basepairs are
equally thermodynamically stable. The impact of protium-deuterium exchange of the imino hydrogen on the free energy of
RNA basepair opening is investigated, and it is found that two A$U basepairs show distinct fractionation factors.INTRODUCTIONThe forming and breaking of hydrogen bonds in nucleic acid
structures is crucial for the maintenance of cell function. In
DNA, double-stranded helices are the predominant confor-
mation, whereas RNA helical structures are commonly built
from single strands and fold into basepaired stems intercepted
by hairpins and, often, internal bulges. In RNA and DNA,
local structural fluctuations involving the opening and
closing of basepairs occur frequently. This local melting is
of functional importance to many processes, including
transcription, replication, and various DNA repair mecha-
nisms (1–7).A delicate balance is required between structural
integrity in the basepaired state and the flexibility to tran-
siently populate an open state to enable information read-out.
Many previous biophysical studies have focused on char-
acterizing the global melting processes of DNA and RNA
(8–11), and hybridization and melting-curve prediction
algorithms have been developed that utilize dinucleotide
fragments to predict global stability (12,13). Less is known,
however, about the uncorrelated basepair opening (i.e., local
melting) in double-stranded DNA and RNA. Uncorrelated
basepair opening can be determined at the single-basepair
level from analysis of the imino proton exchange rate by
NMR spectroscopy (14,15). Imino proton exchange occurs
in two consecutive steps, namely, opening of the basepair
followed by proton exchange from the open conformation,
and it can be catalyzed either by an intrinsic catalyticSubmitted December 9, 2011, and accepted for publication March 16, 2012.
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. Open access under CC BY-NC-ND license.mechanism (16) or by an externally added catalyst. The
dissociation constant of the basepair is commonly deter-
mined from catalyst titration experiments (17–23). This
method is well established and is suitable for determining
basepair stability at a single temperature. However, for ex-
tracting enthalpy and entropy values of basepair opening,
temperature-dependent measurements are needed, which
makes the titration method highly time-consuming, since
the temperature dependence needs to be measured for every
catalyst concentration. Furthermore, the incremental addi-
tion of catalyst is commonly accompanied by an increase
in cation concentration (i.e., the protonated species of the
catalyst), which might affect basepair stability. Performing
catalyst titration experiments at constant cation concentra-
tion represents a tremendous experimental effort. As a result,
the effect of varying cation concentration on basepair
opening is usually ignored.
Recently, we proposed a new method for determining
stabilities of individual basepairs in RNA oligonucleotides
(24,25). In contrast to methods used in previous studies,
imino proton exchange rates can be determined in a temper-
ature-dependent fashion to obtain enthalpy and entropy
values for each basepair-opening event (24). For this, we
utilized inversion recovery experiments in which the
magnetization of bulk water is inverted selectively. An
important issue here is that the interpretation of such data
as the measured exchange rate is affected by cross-polariza-
tion effects. These effects have to be taken into account and
can be calculated from the temperature dependence of the
measured exchange rates (24). In this work, the impact of
nuclear Overhauser effect (NOE) contributions (i.e., cross-
polarization effects) on imino proton exchange rates
measured by inversion recovery experiments is assessed
by comparison to exchange rates deduced from NOE-free
real-time isotope-exchange experiments.doi: 10.1016/j.bpj.2012.03.074
DNA/RNA Basepair Stability 2565We determine the stability of DNA and RNA duplexes at
basepair resolution by temperature-dependent measure-
ments, taking into account the effect of intrinsic catalysis
on imino proton exchange. We compare the results obtained
with this method to basepair-opening free energies obtained
from titration experiments. The effect of varying cation
concentration on basepair stabilities is analyzed in detail.
Furthermore, we investigate the difference in stability of
RNA and DNA of identical sequence, where T residues in
DNA are replaced by U residues in RNA. The derived base-
pair stabilities are compared with fractionation factors that
characterize hydrogen bonds in basepairs.MATERIALS AND METHODS
Oligonucleotide samples
DNA and RNA nonself-complementary sequences were designed to
exclusively contain canonical basepairs to ensure that double strands
adopt predicted geometry and to avoid formation of undesired secondary-
structure motifs. Furthermore, the sequences were designed to have melting
temperatures of 44C and 51C, respectively (13). Sequences contain 50C
overhangs preceding a G$C basepair, since these were reported to
stabilize terminal basepairs in DNA and RNA by the same amount (9,26).
DNA oligonucleotides were purchased from MWG Operon (Ebersberg,
Germany). RNA oligonucleotides were purchased from ABgene (Epsom,
Great Britain) and 20O-ACE-deprotected according to the manufacturer’s
protocol. All oligonucleotides were purified by high-performance liquid
chromatography. DNA and RNA duplexes were annealed by equilibrating
the two single-strand oligonucleotides in 100 mM KCl at 90C and then
cooling down for 1 h at room temperature and 1 h on ice. Potential excess
of single-stranded oligonucleotides was removed by centrifugation in
Vivaspin 2-3000 Da devices (Satorius Stedim Biotech, Go¨ttingen,
Germany). The final buffer was adjusted by repeated centrifugation.
For analysis of externally catalyzed exchange rates, high-salt buffers with
low catalyst concentration (245 mM KCl and 5 mM KxHyPO4, pH 6.8) and
high catalyst concentration (120 mM KCl and 100 mM KxHyPO4, pH 6.8)
were used. For the titration experiment, buffers with varying phosphate
concentration (5–150 mM, pH 6.8) were used. The KCl concentration of
the buffers was chosen to keep the Kþ concentration constant at
250 mM. A low-salt buffer (30 mM KCl and 15 mM KxHyPO4, pH 6.3)
was used for cation-concentration analysis. The Kþ concentration of the
high-salt and low-salt buffers was chosen to yield an overall Kþ concentra-
tion of 250 mM and 50 mM, respectively.NMR spectroscopy
NMR measurements were performed on 600-MHz Bruker (Karlsruhe,
Germany) NMR spectrometers with 5-mm HCN xyz-gradient probe,
5-mm HCN z-gradient probe, and 5-mm cryogenic HCN z-gradient probe,
on a 700-MHz Bruker NMR spectrometer with 5-mm cryogenic HCN
z-gradient probe and on a 950-MHz Bruker NMR spectrometer with a
5-mm cryogenic HCN z-gradient probe. Spectra were recorded and pro-
cessed with Bruker TopSpin 1.3/2.1/3.1 software. Processed 2D spectra
were analyzed with Sparky 3.1.1.4 software.Thermodynamic analysis of basepair opening
from temperature dependence of imino proton
exchange rates
Imino proton exchange rates, kex, were determined from inversion recovery
experiments, as described (14,15) (for detailed description, see the Support-ing Material). Imino proton exchange rates, kex, measured by inversion
recovery experiments comprise cross-polarization effects (NOE effects).
These effects are pronounced at low temperatures, where kex is dominated
by NOE contributions (see Supporting Material). Therefore, these contribu-
tions were determined from the temperature dependence of kex as previ-
ously described (24) according to the equation
kex ¼
kBT
h
exp

 DHTR  TDSTR
RT


1þ exp

DHdiss  TDSdiss
RT
þ d (1)
where h, kB, and R are Planck, Boltzmann, and universal gas constants,
respectively. T is the temperature. DHTR and DSTR are enthalpy and entropy
values of the transition state of the exchange reaction from an open confor-
mation and DHdiss and DSdiss are enthalpy and entropy differences between
the open and closed conformations of a basepair. The term d accounts for
the cross-polarization effects.
The method for determining thermodynamic parameters of the transition
state of intrinsic catalysis is illustrated in Fig. 1. The net imino proton
exchange rate, kex,net, is obtained by subtracting d from the apparent
exchange rate, kex, and its temperature dependence is described by Eq. 2,
kex;netðTÞ ¼ kexðTÞ  d: (2)
Gueron et al. (16) indicated that imino proton exchange via the intrinsic
catalysis mechanism occurs through the same open state as in externally
catalyzed exchange. The equilibrium constant of the dissociation reaction
is then independent of the exchange mechanism. Using this approximation,
the ratio q of external and intrinsic catalyzed exchange rates, kext and kint,
depends on the free energies of the transition states of the different
proton-exchange mechanisms exclusively (Eq. 3).
qðTÞ ¼ kexðTÞ
kintðTÞ ¼
expðDHTR;int  TDSTR;intÞ
expðDHTR;ext  TDSTR;extÞ: (3)
The indices ‘‘ext’’ and ‘‘int’’ refer to the external and intrinsic mechanisms,
respectively. Hence, the intrinsic transition state kTR,int can be described by
the equation
kTR;intðTÞ ¼ kTR;extðTÞ
qðTÞ : (4)
kTR,ext was derived from line-width measurements on mononucleoside
triphosphates (for experimental protocol, see Materials and Methods in
the SupportingMaterial; for results, see Fig. S6 in the Supporting Material),
and q was determined from exchange rates of samples with varying catalyst
concentration (see Supporting Material). Thermodynamic parameters of the
transition state of intrinsic catalysis were obtained from Eyring analysis ac-
cording to Eq. 5:
ln

kTR;int
T

¼ DHTR;int
R
 1
T
þ DSTR;int
R
 ln

h
kB

: (5)
Enthalpy and entropy values of individual basepair opening, DHdiss and
DSdiss, were extracted from the temperature dependence of kex accordingto Eq. 1, with the transition state of intrinsic catalysis (for exact values,
see the Supporting Material). DGdiss values were calculated according to
the Gibbs-Helmholtz equation:
DGdiss ¼ DHdiss  TDSdiss: (6)Biophysical Journal 102(11) 2564–2574
FIGURE 1 Schematic representation of the derivation of thermodynamic
parameters DHTR,int and DSTR,int of the transition state of intrinsic catalysis
of imino proton exchange in RNA and DNA duplex basepairs.(A) At low
temperatures, exchange rates measured by the inversion recovery method
are dominated by cross-polarization contributions. The NOE contribution,
d, can be determined by the fit according to Eq. 1, included in the figure.
Net exchange rates kex,net are then obtained by subtracting d from kex. (B)
The ratio q of the net exchange rates, kex,ext and kex,int, is determined
from exchange-rate measurement at different catalyst concentrations.
Assuming that the dissociation constant Kdiss is the same in the different
catalysis mechanisms, q depends on the transition states of the different
mechanisms exclusively. Therefore, the intrinsic transition state can be
described by the external transition state and q. (C) Thermodynamic param-
eters DHTR,int and DSTR,int are derived from Eyring analysis. Linear regres-
sion follows the equation depicted in the figure.
FIGURE 2 (A) Sequences of the DNA and RNA duplexes investigated.
(B) CD spectra of the DNA duplex (solid line) and RNA duplex (dotted
line). (C) Imino proton resonances of the DNA (upper) and RNA (lower)
duplexes in 30 mM KCl and 15 mM KxHyPO4, pH 6.3.
2566 Steinert et al.Protium-deuterium fractionation factors and
impact of H-to-D exchange in the imino position
on RNA basepair stability
Protium-deuterium fractionation factors, F, of the RNA duplex and the
mononucleoside triphosphates GTP and UTP in low-salt buffer at 278 K
were determined by 1H-1D NMR experiments as described by Every
et al. (27) (for a detailed description, see the Supporting Material). Fraction-
ation factors were obtained by linear regression according toBiophysical Journal 102(11) 2564–25741
INH
¼ 1
I0
þ F
I0
½D
½H; (7)
where INH is the signal intensity of the imino proton, I0 is the signal inten-
sity in 100% H2O. [D] and [H] are the deuterium and protium concentra-
tion, respectively. [D]/[H] and INH are known from experiments, and I0
and F are obtained as fit parameters.
The fractionation factor F of the imino position is the equilibrium
constant of the protium/deuterium exchange reaction. Hence, the difference
in free energies, DDGDH, of the H-D exchange reaction of the open and
closed conformation of the basepair can be expressed as
DDGDH ¼ DGDH;op  DGDH;cl ¼ RT ln

Fop
Fcl

; (8)
where Fop and Fcl are the fractionation factors of the open and closed
conformations as determined for mononucleoside triphosphates as model
compounds of the open conformation and on the RNA duplex, respectively
(for derivation, see the Supporting Material).RESULTS
The circular dichroism (CD) spectra of the investigated
DNA and RNA (for sequences, see Fig. 2 A) reveal the char-
acteristic signature of B-form DNA and A-form RNA
DNA/RNA Basepair Stability 2567helices ((lmax ¼ 281 nm, lmin ¼ 247 nm for DNA; and
lmax ¼ 258 nm and 270 nm, lmin ¼ 236 nm for RNA; see
Fig. 2 B) (28) (for a description of Materials and Methods
of CD measurements, see the Supporting Material). Imino
proton resonances of the DNA and the RNA duplex are
shown in Fig. 2 C (for chemical shifts, see Table S1 in the
Supporting Material). The resonances were assigned using
1H-1H NOESY spectra (see Fig. S1).Basepair stabilities of DNA and RNA duplex
To characterize the uncorrelated basepair opening process
of individual nucleobases in a double-stranded helix, we
measured the temperature dependence of imino proton
exchange rates, kex. In the concentration range of 100 mM
to 1.2 mM RNA duplex in low-salt buffer, the exchange
rates, kex, did not exhibit any concentration dependence,
as expected for an uncorrelated basepair opening process
(see Fig. S5; for details, see the Supporting Material).
Enthalpy, DHdiss, and entropy, DSdiss, of the opening
process were derived from the analysis of the temperature
dependence of kex according to Eq. 1. The rate of intrinsic
catalysis in the open state was derived from the ratio of ex-
change rates at varying catalyst concentrations, as described
above (for experimental setup, see Materials and Methods
section; for results, see Results in the Supporting Material).
To confirm the derived parameters of the transition state of
intrinsic catalysis, DHdiss, TDSdiss, and DGdiss were vali-FIGURE 3 (A) Diagram showing DHdiss and TDSdiss (293 K) values of basepa
(B) Diagram showing the DGdiss (293 K) values of the individual DNA and RNA
Same as for B, but in low-salt buffer.dated by analysis of the exchange rates under externally
catalyzed conditions (for comparison, see Fig. S9). DHdiss,
TDSdiss, and DGdiss for the DNA and RNA basepairs in
high-salt buffer are shown in Fig. 3, A and B (for exact
values and error margins, see Table S7 and Table S9).
From these analyses, it is apparent that in both oligonu-
cleotides, DHdiss and TDSdiss are correlated and that DHdiss
and TDSdiss decrease at the ends of the duplexes, whereas
the inner basepairs vary with respect to their DHdiss and
TDSdiss values. In the DNA duplex, DHdiss and TDSdiss of
the inner G$C basepair exhibit the highest values, whereas
DHdiss and TDSdiss of the A$T basepairs T6
0, T6, and T40
decrease toward the duplex termini. In the RNA duplex,
inner basepairs exhibit varying DHdiss and TDSdiss values
where the maximum values are observed for the G4 and
U6 basepairs. In general, DHdiss and TDSdiss compensate
each other, and therefore, DGdiss values are one order of
magnitude smaller than DHdiss and TDSdiss at 293 K. DGdiss
values are high for the central basepairs and become smaller
toward terminal residues. However, RNA values exhibit
a larger variance than DNA values. In both duplexes, G4
is the most stable basepair at 293 K.
For the analysis of the exchange rates in low-salt buffer, it
was assumed that the transition state of intrinsic catalysis as
derived at high-salt conditions is independent of cation (Kþ)
concentration. The thermodynamic parameters of basepair
opening in low-salt buffer are shown in Fig. 3, C and D
(for exact values and errors, see also Table S10 and Tableir opening for the individual DNA and RNA nucleobases in high-salt buffer.
nucleobases in high-salt buffer. (C) Same as for A, but in low-salt buffer. (D)
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2568 Steinert et al.S11). DHdiss and TDSdiss values of the DNA duplex under
low-salt conditions resemble those in high-salt buffer, with
the highest values observed for the inner G$C basepair
and a decrease in values observed toward the terminal base-
pairs. DHdiss and TDSdiss values of the RNA in low-salt
buffer are significantly smaller than in high-salt buffer and
spread over a smaller range. Only the U80 basepair increases
in values compared to high-cation-concentration conditions.
DGdiss of DNA and RNA (see Fig. 3 D; for exact values
and errors, see Table S10 and Table S11) exhibits smaller
values than in high-salt buffer and the effect is higher for
the inner basepairs than for the terminal ones, whereas it
is more pronounced in RNA than in DNA, with salt-induced
differences of stability up to 5.3 kJ for RNA and 3.1 kJ
for DNA.Enthalpy-entropy correlation of DNA and RNA
basepair opening
Enthalpy and entropy of basepair opening are correlated
linearly. Fig. 4 shows the DHdiss(DSdiss) correlations for
the DNA and the RNA duplex in both low-salt and high-
salt buffers.FIGURE 4 (A) DHdiss(DSdiss) correlation of individual nucleobases in the
DNA duplex in low-salt buffer (50 mM Kþ; solid diamonds and solid line)
and high-salt buffer (250 mM Kþ; open triangles and dotted line). For each
salt concentration, the compensation temperature and the intercept of the fit
with the y axis are indicated in the figure. (B) Same as in A but for RNA in
low-salt buffer (50 mM Kþ; solid diamonds and solid line) and high-salt
buffer (250 mM Kþ; open triangles and dotted line).
Biophysical Journal 102(11) 2564–2574The correlations follow the equation
DHdiss ¼ m  DSdiss þ y0; (9)
where m is the slope of the linear equation and y0 is the
ordinate intercept. Substitution of DHdiss in the Gibbs-
Helmholtz equation (Eq. 6) by Eq. 9 results in the following
DGdiss ¼ ðm TÞ  DSdiss þ y0: (10)
At a temperature of m ¼ T (the so-called compensation
temperature, Tc (29)), DGdiss of all basepairs is equal to
the ordinate intercept, y0.Global unfolding of the DNA and the RNA
duplexes
The concentration-dependent global unfolding of the DNA
and the RNA duplex in low-salt buffer was measured by
CD spectroscopy (for experimental setup and results, see
the Supporting Material), where the melting temperature,
Tm, was analyzed according to Eq. S18 in the Supporting
Material (for a graphical fit, see Fig. S11). Enthalpy
(DHun) and entropy (DSun) of duplex unfolding in low-salt
buffer are listed in Table 1.
As reported previously, the Tc of a hairpin RNA coin-
cides with its melting temperature, Tm (24). Since duplex
melting (Tm) is concentration-dependent, it is not possible
to compare Tc and Tm directly. For the comparison of Tc
and Tm, melting conditions need to be chosen such that
forward and backward reactions of duplex unfolding are
comparable to hairpin unfolding, where the basepairing
nucleotides are spatially close to each other in the unfolded
state. Considering duplex melting, this situation can be
approximated at maximum single-strand concentration so
that hydrated single strands can be considered to be
spatially as close as possible. The maximum single-strand
concentrations can be predicted to be 68 mM in case of
DNA and 52 mM for RNA (for calculation of maximum
single-strand concentration, see the Supporting Material).
From these concentrations, a melting temperature at
maximum single-strand concentration Tm(cmax) can be
calculated using the thermodynamic parameters derived
from the concentration-dependent melting analysis by CD
spectroscopy using the equationTABLE 1 Enthalpy, DHun, and entropy, DSun, of the duplex
unfolding of DNA and RNA in low-salt buffer
Tm(cmax) DHun DSun
[K] [kJ mol1] [kJ mol1 K1]
DNA 325 2675 12 8155 37
RNA 321 3045 14 9165 40
Standard experimental errors are indicated. For calculation of cmax, see the
Supporting Material.
DNA/RNA Basepair Stability 2569DGun ¼ DHun  TDSun þ RT ln
cmax
2

: (11)
Results for Tm(cmax) of the DNA and the RNA duplex in
low-salt buffer are given in Table 1.Imino H-D fractionation factors of the RNA duplex
The H-D fractionation factor, F, represents the equilibrium
constant of the protium-to-deuterium-isotope (H-D) ex-
change reaction. It provides a measure of the strength of
H-bonds within the oligonucleotide duplexes as compared
to the H-bond strength within the solvent (30–32). Fraction-
ation factors of double-stranded DNA have been determined
to be ~1 (27), whereas, to the best of our knowledge, frac-
tionation factors of double-helical RNA have not been
reported. Here, fractionation factors were determined to
investigate the effect of H-D exchange in the imino position
of nucleobases on RNA basepair stability and were found
to range from 0.63 to 1.08 at 278 K (see Table 2 and
Fig. S12 A). Most imino protons have F values of ~1,
showing that there is no preference of H over D in the imino
position of the closed conformation of the basepair. The
nucleobases U60 and U30 are an exception to this trend
and H-D exchange at the imino position destabilizes the
closed conformation of these nucleobases at 278 K.
To estimate F values of the open conformation, fraction-
ation factors were measured for mononucleoside triphos-
phates, which mimic the open conformation. At 278 K,
fractionation factors of FGTP ¼ 0.73 5 0.05 and FUTP ¼
0.81 5 0.03 are found. Using these fractionation factors,
free energies of imino-hydrogen H-D exchange of the
open conformation of the basepair, DGDH,op, can be quanti-
fied according to Eq. S13 in the Supporting Material. At
278 K, the open conformation of guanine nucleobases pro-
tonated in the imino position is stabilized by 0.7 kJ/mol
compared to nucleobases that are deuterated in the imino
position. Protonation of the imino position of uracil (U) nu-TABLE 2 Fractionation factors, F, of the RNA imino protons
in low-salt buffer at 278 K and free energies of H-D exchange in
the imino position, DDGDH
F5 DF
DDGDH
(T ¼ 278 K)
(kJ mol1)
G2 0.995 0.09 0.70
U80 0.965 0.07 0.42
G4 1.055 0.07 0.8
U60 0.635 0.03 0.58
U6 1.045 0.06 0.59
U40 1.085 0.07 0.68
U30 0.715 0.05 0.30
G20 1.065 0.08 0.87
DF is the error from the fit to Eq. 7.cleobases stabilizes the open conformation of A$U base-
pairs by 0.5 kJ/mol. H-D exchange in the imino position
destabilizes the open conformation of all nucleobases.
The effect of H-D exchange in the imino position of the
nucleobase on basepair stability, DDGDH, can be quantified
with the fractionation factors of the open and closed confor-
mations according to Eq. 8, where a positive DDGDH value
corresponds to a stabilizing effect on the closed conforma-
tion upon H-D exchange (for exact values see Table 2).
For most basepairs, DDGDH is positive and ranges from
0.4 kJ/mol for U80 to 0.8 kJ/mol for G4, indicating that
upon H-D exchange at the imino position, the closed confor-
mation is favored over the open conformation. In the case of
nucleotides U60 and U30, DDGDH is negative (0.6 kJ/mol
and 0.3 kJ/mol, respectively). Hence, H-D exchange in
the imino position of these nucleobases stabilizes the open
conformation compared to H-D exchange in the closed
conformation.DISCUSSION
In this study, we optimize NMR methodology to determine
individual basepair stabilities in DNA and RNA duplexes by
temperature-dependent imino proton exchange rate analysis
considering the effect of intrinsic catalysis. Moreover, the
effect of the cation concentration on basepair stability is
studied and the global unfolding processes of the DNA
and RNA duplexes are investigated. Furthermore, we inves-
tigate whether local basepair stabilities are correlated with
individual H-bond strengths by analysis of imino-hydrogen
fractionation factors.Basepair stabilities extracted from temperature-
dependent exchange rates
We measured imino-hydrogen H-D exchange rates, kHD, of
the inner basepairs of the DNA duplex at 274 K by real-time
mixing experiments to determine the impact of NOE contri-
butions on the imino proton exchange rates measured with
inversion recovery experiments (for experimental setup
and results, see Materials and Methods and Results sections
in the Supporting Material). At 274 K, exchange rates of
A$T basepairs as measured by real-time experiments range
from 76 103 Hz to 77 103 Hz, where kHD of the inner
G$C basepair is 4.7  103 Hz. Values for kex from the
inversion recovery experiments are found to be one order
of magnitude higher (for exact values, see Table S2). The
difference in values originates from cross-polarization
effects that occur during the mixing time of the inversion
recovery experiments. In the latter experiments, when cata-
lyst titration experiments are conducted at a single temper-
ature, the value extracted for the exchange rate in the
absence of added catalyst comprises both intrinsic catalysis
and NOE contributions. However, the cross-polarization
contributions exhibit a negative temperature dependenceBiophysical Journal 102(11) 2564–2574
2570 Steinert et al.and dominate the exchange rate at low temperature and thus
cannot be ignored in the temperature-dependent exchange-
rate analysis (24).
To assess the contribution of intrinsic catalysis to the
imino proton exchange rate, we measured the temperature
dependence at different catalyst (i.e., phosphate) concentra-
tions. The buffer conditions guaranteed exchange in the
EX2 regime, in which the imino proton exchange rate is
linearly dependent on the catalyst concentration (14). As
a result, the slope of the exchange-rate dependence on
catalyst concentration can be calculated with two points,
and hence, the externally catalyzed exchange rate can be
dissected from the intrinsically catalyzed rate. As such,
the approach presented here combines the well-established
catalyst-dependent exchange-rate analysis (15) with the
temperature-dependent analysis introduced by Rinnenthal
et al. (24). To test the liability of the temperature-dependent
approach, we also conducted catalyst titration experiments
of the DNA duplex at 293 K and 303 K (for experimental
setup and results, see Materials and Methods and Results
sections in the Supporting Material). The catalyst-depen-
dent exchange-rate analysis of the DNA duplex yields
DGdiss values within the error of the temperature-dependent
analysis (see Table S12 and Table S13). Therefore, we
conclude that our proposed approach is reliable.
In both duplexes, we observe high enthalpy and entropy
values in the central part of the duplexes, whereas smaller
values are observed for the terminating G$C basepairs. A
similar feature was observed for the fourU RNA thermom-
eter described previously, where basepairs at the helix
ending exhibit a decrease in DHdiss and DSdiss values (24).
With respect to the DNA duplex, it should be noted that ther-
modynamic parameters of basepair opening of terminal
basepairs have so far not been determined. These basepairs
are rarely observed, even at low temperatures, which is
tantamount to their low stability. Our data are consistent
with this notion.
The enthalpy and entropy values determined here for
basepair opening in the DNA duplex are high in comparison
to published results at similar salt concentrations (Fig. 3 A).
Whereas the DHdiss values in this study range from 98 to
148 kJ/mol for A$T basepairs and up to 201 kJ/mol for
G$C basepairs, enthalpy values reported previously range
from 59 to 121 kJ/mol for A$T basepairs and from 44 to
109 kJ/mol for G$C basepairs (18,33,34). The entropy of
A$T and G$C basepair opening in DNA has been studied to
a lesser extent and ranges from 254 J/(mol$K) to 585 J/
(mol$K) (33). Our DSdiss values are up to twofold higher
than the values reported. However, the variation in DHdiss
and DSdiss within the DNA duplex is quite high. Whereas
terminal basepairs exhibit small values of DHdiss and DSdiss
(for G2, DHdiss ¼ 60 kJ/mol and DSdiss ¼ 158 J/(mol$K);
for G20, DHdiss ¼ 24 kJ/mol and DSdiss ¼ 33 J/(mol$K)),
values of the inner basepairs are higher and depend on their
position in the helix. Therefore, differences betweenBiophysical Journal 102(11) 2564–2574different molecules might also be explained by sequence-
specific characteristics.
It is furthermore observed that variation of the cation
concentration has no significant influence on DHdiss and
DSdiss values of DNA (Fig. 3C), except in the case of T6
0
and G20, for which DHdiss and DSdiss values are slightly
decreased at high-cation concentrations.
Considering the RNA duplex, the variation of DHdiss and
DSdiss within the sequence is equally high, with low values
at the helix termini and high values in the middle of the
structure, which show significant variation (Fig. 3 A).
Enthalpy and entropy values range from 59 to 66 kJ/mol
and from 155 to 166 J/(mol$K), respectively, for the base-
pairs G2, U80, U40, and U30. In contrast to the DNA
measurements, the thermodynamic parameters determined
for RNA basepairs exhibit significant differences under
high- and low-cation concentration (Fig. 3C). Both DHdiss
and DSdiss values are increased at high cation content, which
is especially pronounced for inner basepairs, where DHdiss
and DSdiss increase up to twofold.
The free energies of basepair dissociation in DNA and
RNA have been studied mostly at temperatures below
293 K, previously. By extrapolating the obtained DGdiss
values to these temperatures, it is found that the inner
basepair stabilities of the DNA duplex and RNA duplex
are in the lower range of published data (18,20,33,35).
This finding may result from the fact that the duplexes inves-
tigated here are only eight basepairs long, whereas previ-
ously investigated duplexes are longer. DGdiss values of
terminating basepairs have not been published to date and
thus cannot be compared.Enthalpy-entropy correlation and global
unfolding
In both duplexes, DHdiss and DSdiss are correlated linearly at
low-salt and high-salt concentration (Fig. 4). Such an
enthalpy-entropy correlation has previously been reported
for basepair dissociation in nucleic acids (29,36) and is
commonly interpreted as a property of the hydrating water
(18,24,33). The slope of this correlation graph, which yields
the compensation temperature, Tc, is assumed to result from
solute-solvent interactions, whereas the ordinate intercept,
y0, is thought to result from solute-intrinsic effects and
predominantly represents the mean stacking free energy
per nucleobase (24).
For the DNA, the DH(DS) correlation in low-salt buffer
yields a compensation temperature of Tc ¼ 322 5 8 K,
whereas for the RNA, a Tc of 333 5 14 K is found. These
values are higher than Tc values reported previously for
DNA and RNA (18,24). The ordinate intercepts of the
DH(DS) correlations for both the DNA and the RNA exhibit
values of y0 ¼ 12 kJ/mol, with the error of the DNA corre-
lation being slightly smaller. Considering the equal values,
we conclude that the contributions of base stacking to
DNA/RNA Basepair Stability 2571basepair stability are comparable in the investigated DNA
and RNA duplexes.
The DH(DS) correlation observed is reasonably accurate
in the case of the DNA duplex in low-salt buffer, whereas
the DH(DS) correlation of the RNA sequence is less accu-
rate. For DNA, a better-defined compensation temperature
can be observed, which suggests that at low-salt conditions,
the B-form structure of the DNA is more regular than the
A-form structure of the RNA, which shows variations of
DGdiss at Tc. We postulate that solute-intrinsic interactions
of the investigated sequences are more homogeneous in
DNA than in RNA in low-salt buffer.
Global melting studies of DNA and RNA duplexes have
revealed a higher duplex stability of the RNA regarding
thermal unfolding (8,9,11). Our studies follow this trend
(see Table S15). In low-salt buffer, DHun and DSun, which
represent the thermodynamic parameters of global duplex
unfolding of the RNA duplex, exhibit higher values than
DHun and DSun of the DNA duplex (8). According to Searle
and Williams (37), the enthalpic contribution to global
duplex unfolding is mainly determined by base stacking,
whereas the entropic contribution predominantly results
from the additional degrees of freedom in the backbone
that accompany the melting process. DHun is 37 kJ/mol
higher for theRNAduplex than for theDNAduplex, in accor-
dance with observations from previous studies (8). The
differences in DHun might be explained by differences in
base stacking, which is characteristic for each helix geom-
etry. Owing to the higher rotation angle per nucleotide and
a negative base tilt in B-form helices, base stacking is
possible only in an intracatenar constellation, whereas the
small rotation angle and the positive basepair tilt in A-form
helices favor both intracatenar and intercatenar stacking (38).
For the DNA duplex, the melting temperature at
maximum strand concentration, Tm(cmax), is within the error
of the slope of the DH(DS) correlation graph, i.e., Tc. The
compensation temperature of the RNA exhibits a high vari-
ation and therefore, despite a large difference in Tm(cmax)
and Tc, the RNA melting temperature is within the error
of Tc. The coincidence of compensation and melting
temperature has been reported for hairpin RNAs (24).
As discussed previously, helix formation at the melting
temperature mainly results from solute-intrinsic interactions
(24,37). This holds true for the duplexes investigated here,
for which Tm(cmax) z Tc. At the temperature where the
stabilizing effects of solvation on uncorrelated basepair
opening cancel out (i.e., Tc), the free energy of the global
unfolding transition becomes zero, and the duplex is no
longer more stable than the single strands.FIGURE 5 (A) Free-energy differences of DNA basepairs in 250 mM and
50 mM Kþ. (B) Same representation as in A for RNA basepairs.Influence of cation concentration on free energies
of basepair opening
When it is assumed that exchange from the open conforma-
tion is independent of salt concentration, the influence ofthe Kþ concentration on the thermodynamic parameters of
basepair dissociation can be investigated. This was deter-
mined for the DNA duplex and the RNA duplex. The
comparison of basepair-dissociation free energies is shown
in Fig. 5. In the case of the DNA duplex, the inner basepairs
G4, T60, T6, and T40 are stabilized upon an increase in Kþ
concentration, whereas the terminating basepairs exhibit
a minor decrease in free energy of basepair dissociation.
The stabilizing effect on the inner DNA basepairs ranges
from 2.0 to 3.1 kJ/mol. The stabilizing effect of monovalent
cations (i.e., Naþ) on DNA basepairs has been reported pre-
viously (39,40), and the increase of DGdiss values observed
in this report is in the same order of magnitude (39).
The cation-dependent stability of RNA basepairs is
similar to the pattern for DNA but even more pronounced.
The inner basepairs are stabilized up to 5.3 kJ/mol, whereas
basepair stabilities at the duplex ends appear to be indepen-
dent of the cation concentration. In contrast to the DNA
T40 basepair, the U40 basepair is only slightly stabilized
(1.1 kJ/mol) by the high-salt concentration. Indeed, previous
investigations suggested that the effect of cation concentra-
tion is more pronounced for the inner basepairs of oligonu-
cleotides (41), and our data are consistent with these
findings.
An increase in Kþ concentration from 50 mM to 250 mM
does not cause significant differences in Tc or y0, as deter-
mined from the DH(DS) correlation graph for both duplexesBiophysical Journal 102(11) 2564–2574
2572 Steinert et al.(see Fig. 4). It is therefore impossible to dissect whether the
observed stabilizing effect of Kþ concentration on the
values of DGdiss for the inner basepairs arises from solute-
intrinsic interactions or from solute-solvent interactions.
Cations have been shown to globally stabilize double-
stranded DNA oligonucleotides (42–44), which has been
attributed to the positive charge compensating the negative
charge of the phosphate backbone, thus lowering electro-
static repulsion of the single strands. The salt-dependent
increase in DGdiss values might be caused by changes in
the Coulomb potential after basepair opening. In such
a case, a displacement of cations away from the negatively
charged groups of the duplex accounts for the additional
amount of energy required to open the basepair.
It is important to note that the stabilizing effect of cations
on DGdiss needs to be taken into account when determining
basepair stabilities. In titration experiments, the protonated
catalyst, which is added to the sample along with the cata-
lyzing species, is present in larger amounts than the catalyzing
species as a result of the experimental conditions. Consid-
ering ammonia catalysis, the protonated catalyst (NH4
þ) is
cationic and small and its concentration varies significantly
during the experiment. The data presented here show that
basepair dissociation constant and basepair stability are
affected by such an increase in cation concentration.Imino H-D fractionation factors of the RNA duplex
To test whether H-D exchange on functional groups influ-
ences basepair and global duplex stability, we measured
protium-deuterium fractionation factors, F, of the RNA
imino hydrogen. The difference in free energy can be quan-
tified by comparing the F values of the closed and open
states of the basepair. We used mononucleoside triphos-
phates as model compounds of the open state. Previously
published data on canonical basepairs in DNA duplexes re-
vealed that F values approach unity (27). F values of RNA
basepairs have not been published to date.
Investigation of the fractionation factors of the RNA
duplex shows that most basepairs have fractionation factors
of ~1. Strikingly, however, the F values of the U60 and U30
basepairs are significantly smaller than 1. Furthermore, F
values, as well as DDGDH, of the RNA nucleotides do not
correlate with the stability of the respective basepairs, in
line with previous observations (Figure S12 B) (27).
The small fractionation factors of the U60 and U30 nucle-
otides indicate a fundamental difference between their
imino-hydrogen bonds and that of other A$U basepairs.
Fractionation factors lower than unity in nucleic acids
have been reported for Watson-Crick hydrogen bonds in
a DNA triple helix, where it was concluded that the altered
geometry of the basepair might result in deviating F values
(45). In the case of A$U basepairs, other types of H-bonds
have been observed in ribosomal RNA, where, instead of
nitrogen, the oxygen in water molecules serves as anBiophysical Journal 102(11) 2564–2574acceptor (46). One might speculate whether similar changes
in basepair geometry cause the low imino proton fraction-
ation factors of U60 and U30 and whether low F values indi-
cate a special type of basepair or a significantly altered
basepair in general.CONCLUSION
Temperature-dependent imino proton exchange rates of
DNA and RNA duplexes were measured with NMR spec-
troscopy by inversion recovery experiments and the thermo-
dynamic parameters of basepair opening were extracted.
We show that NOE contributions to the exchange rates
measured are significant and need to be considered in the
temperature-dependent exchange-rate analysis. Taking the
effect of intrinsic catalysis into account, the temperature-
dependent method represents a time-saving approach to
determine the thermodynamics of basepair opening in
nucleic acids, as it leaves out the tedious determination
of basepair lifetimes by catalyst titration experiments.
Comparison of the uncorrelated basepair opening in DNA
and RNA duplexes shows that the overall dissociation ener-
gies are similar. The melting temperatures of the global
unfolding in duplex DNA and RNA coincide with their
respective compensation temperatures for basepair opening.
It is furthermore demonstrated that an increase in cation
concentration stabilizes inner basepairs of double-stranded
DNA and RNA. These findings have to be taken into
account when performing catalyst titration experiments.
Finally, by analysis of the fractionation patterns of imino
hydrogens in the RNA duplex it is shown that hydrogen
bond stabilities are influenced by H-D exchange. We find
that for some AU basepairs in RNA, fractionation factors
are significantly lower than unity.
We show that a large number of basepairs exhibiting
a large range of stabilities can be determined by measuring
the temperature dependence of imino proton exchange rates
(i.e., unstable basepairs at low temperatures and stable base-
pairs at high temperatures) and that enthalpy and entropy
values of basepair opening are obtained at the same time.
The method allows detailed investigations of the stabilities
of single basepairs. It is not restricted to Watson-Crick base-
pairs but can also be utilized to study nonnatural and modi-
fied basepairs, peptide nucleic acids, and other self-pairing
systems. The energetic effects conferred on remote base-
pairs are very subtle, and differential stacking properties
of RNA and DNA play an important role. Such detailed ther-
modynamic investigations will likely have impact on the
understanding of the main determinants of natural and
nonnatural oligonucleotide design.SUPPORTING MATERIAL
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